The potential-energy surfaces of ethyl azide relevant to its thermal decomposition have been studied theoretically. The geometries of minima and transition states on the S 0 surfaces, as well as the lowest energy points in the seam of crossing of the triplet and singlet surfaces, have been optimized with the complete active space self-consistent field ͑CAS-SCF͒ method, and their energies, re-calculated with second-order multireference perturbation ͑CAS/MP2͒ theory and corrected by the zero-point energy ͑ZPE͒. The reaction mechanism is described by the following steps: ͑1͒ CH 3 CH 2 N 3 →CH 3 CH 2 NϩN 2 , ͑2a͒ CH 3 CH 2 N→H 2 ϩCH 3 CN; ͑2b͒ CH 3 CH 2 N→CH 3 CHNH. The CN-N 2 fission of ethyl azide is the rate limiting step ͑1͒, leading to ethylnitrene either along a spin-allowed path ͑1a͒ or along an alternative spin-forbidden one ͑1b͒. Both 1a and 1b channels show barriers of similar heights for CN-N 2 bond fission, ⌬Eϭ42 kcal/mol, ⌬E being the energy difference between the minimum of the ground singlet state potential-energy surface of ethyl azide and either the singlet transition state ͑TS1͒ or the lowest energy point of the intersystem crossing ͑ISC1͒, respectively. The decomposition of ethanimine formed in step ͑2b͒ has been studied as well and high energetic transition states have been identified for its decomposition.
I. INTRODUCTION
It is known that thermal decomposition of covalent azides (R-CXY-N 3 ) usually causes unimolecular loss of N 2 .
1-5 For those azide derivatives in which the R-fragment is different from H or CH 3 , it is well established that the rate limiting step of their thermal decompositions is the dinitrogen extrusion, leading to nitrene formation ͑R-CXY-N͒ ͑Ref. 5 and references quoted therein͒. However, for alkyl azides, it is currently accepted that nitrogen elimination is concurrent with 1,2-R shift; therefore, the nitrene being not an intermediate in the mechanism of the decomposition. 2 This concerted process has been proposed as the first step in the photochemical reactions of alkyl azides as well. 6 Thermolysis of ethyl azide ͑Scheme I͒ under reduced pressure in a quartz tube filled with quartz wool has been studied by Bock and Dammel 2͑b͒,2͑c͒ using photoelectron spectroscopy as analytical tool. The reaction is initiated at 660 K and completed at 770 K. The main product is a mixture of cis/trans ethanimines and the observed by-products are HCN, NH 3 , HCϵCH, and perhaps CH 4 . The increase in the contact time by filling the reactor with four times the original amount of quartz wool leads to decomposition of ethyl azide already at 550 K, yielding N 2 , H 2 and acetonitrile as the only reaction products. These are the only experimental data to our knowledge for the pyrolysis of ethyl azide. However, an extensive work done on hydrazoic acid, HN 3 , the smallest member in the azide compound family, has been published, 7 in which it is shown by infrared multiphoton dissociation ͑IRMPD͒ experiments that the decomposition reaction of deuterated hydrazoic acid, DN 3 →DNϩN 2 , is a competitive mechanism between spin-allowed and spinforbidden paths, the estimated singlet and triplet yields being the same order of magnitude. On the other hand, IRMPD experiments 8, 9 and ab initio calculations 10, 11 support that triplet nitrene ͓HN(X 3 ⌺ Ϫ )͔ is an important primary product in the dissociation reaction of HN 3 , and a small exit barrier in the spin-allowed process for the production of HN(a 1 ⌬) exists.
Recently, we have shown by using CAS-SCF calculations that nitrene formation is the first step in the thermal decomposition of methyl azide. 12 Our aim in this work is to extend this kind of calculations to ethyl azide in order to demonstrate that nitrene formation is a general process in the chemistry of azide compounds, being as well the rate determinant step.
Ethylnitrene formation from ethyl azide takes place according to the following equation:
In principle, the emerging nitrene can be formed either in the singlet or triplet states. On the singlet state surface of ethyl azide, which correlates asymptotically to the singlet surface of the products ͓N 2 (X 1 ⌺ g ϩ )ϩCH 3 CH 2 N( 1 A)͔, there must be a small exit barrier, therefore, it should be possible to localize a transition state in this adiabatic channel. On the other hand, decomposition according to Eq. ͑1͒ via a forbidden channel, giving triplet ethylnitrene, must occur through a spin-orbit induced crossing between the singlet and triplet surfaces. In this forbidden step, the minimum energy point on the intersection of two surfaces represents a key bottleneck along the minimum energy reaction path, playing the same role that a transition state for an allowed reaction. 13, 14 Consequently, in order to understand the decomposition mechanism of ethyl azide, it is important to localize both the transition state and the lowest energy crossing point. The heights of the barriers for such processes will determine the ease with which products are formed by thermal population of the excited vibrational levels. In addition to locate the barriers, it is important to calculate the directions of the transition and gradient difference vectors, because they determine the degree to which the internal energy of ethyl azide is transformed into internal or translational energy of the resulting fragments. For example, at the lowest energy crossing point on the potential surface of hydrazoic acid, the calculated HN and NN internuclear distances are close to the equilibrium values of the isolated fragments. Thus, it is predicted by the calculations that most of the excess energy must be released as translational motion when the reaction evolves through the forbidden path, this being corroborated by the experimental observations. [7] [8] [9] 
II. METHODS OF CALCULATION
All geometry optimizations have been performed at the CAS-SCF level of theory in conjunction with the standard 6-31G* 15 and cc-pVDZ 16 basis sets. The MC-SCF program released in GAUSSIAN 98 17 has been used throughout this work. In order to correct the energetics for dynamic electron correlation and to compare the energies obtained with different active spaces, we have used the second-order multireference perturbation algorithm 18 ͑CAS/MP2͒. Thus, single point energy calculations on the optimized structures with these two basis sets have been carried out at the CAS/MP2 level; additionally, CAS/MP2 calculations with the cc-pVTZ 16 basis have been performed on the CAS/cc-pVDZ optimized geometries.
Due to the diversity of reactions involved in the global process, it is impossible at all to maintain the same active space along the whole reaction coordinate. However, all the CAS-SCF calculations have been performed with an active space of ten electrons and eight orbitals. In the next paragraphs, we shall describe the active space chosen in each reaction step.
Six 2p orbitals from the three nitrogen atoms are orthogonal to the molecular axis, provided that the ϪN 3 group is almost collinear in alkyl azides. These six orbitals give rise to a -system where the singlet-triplet excitation takes places. To describe such an excitation it is sufficient to include the former orbitals in a six-electron six-orbital active space. Upon dissociation, these orbitals convert to two ͑N-N͒ and two *͑N-N͒ on the N 2 fragment, and two 2 p nonbonding orbitals on the nitrogen atom of ethylnitrene. With that active space, both ethyl azide minimum ͑M1͒ and the minimum energy crossing point ͑ISC1͒ between the two spin-states can be localized. However, when moving for instance from ISC1 to M1 on the potential energy surface; the two -type orbitals describing the C-N 3 and N 3 -N 2 bonds have to be included in the active space to allow for orbital relaxation of the bonds; otherwise it is not possible to converge the wave function. Thus, the optimal active space in the first reaction step is composed by ten electrons and eight orbitals, for both the adiabatic and nonadiabatic channels. These orbitals represent in the S 0 minimum of ethyl azide two ͑N-N͒, two *͑N-N͒, two nitrogen 2 p , and the C-N 3 and N 3 -N 2 bonds, respectively ͑see Fig. 1 for atom labels͒. As a check for consistency we have followed two strategies as suggested by Morokuma and co-workers: 19 ͑i͒ Calculations are performed on the products separately and in the supermolecule approach as well. The resulting geometries and energies came out to be identical. ͑ii͒ An IRC 20 calculation is started at the transition state which connects ethyl azide minimum and the dissociation products on the singlet surface ͑see EPAPS, Fig. S1͒ . 39 There is no discontinuity in the energy profile on going from one region on the potential-energy surface to the other.
The orbitals for the active space describing the reactions of ethylnitrene were chosen with the criteria followed by ourselves 12 to study the H 2 elimination from the smallest member in the azide organic compounds, i.e., from methylnitrene. Thus, the active space comprises ten electrons distributed in eight orbitals, one C 1 -C 3 , one C-H 4 , one C-H 5 , and one C-N bonds, the two nitrogen 2p orbitals, one C-H 4 and one C-H 5 * bonds. The H 2 extrusion from ethanimine has been studied with such an active space as well.
The localization of the minima, transition states, and intersystem crossing minima and mapping of the intrinsic reaction coordinates ͑IRC͒ have been performed in Cartesian coordinates; therefore, the results are independent of any specific choice of the internal coordinates. Additionally, an IRC 20 calculation has been performed for each transition state of ethanimine as well. Thus, the products and reagents connected by the respective transition states have been unambiguously localized.
The optimizations of the minimum energy points on the singlet-triplet crossing surfaces ͑ISC͒ were carried out with the same algorithm used to localize the low-lying conical intersection point ͑IC͒ between two states of the same multiplicity. 21 Thus, in the seam of crossing of two surfaces, the energy is minimized along a ͑3N-8͒ or ͑3N-7͒-dimensional hyperline in order to find an IC or ISC, respectively, being N the number of atoms. As demonstrated by Davidson for polyatomic potential energy surfaces, 22 there are two directions in a IC, namely x 1 and x 2 , which lift the degeneracy as one distorts the geometry from such a point. They are the gradient difference ͓Eq. ͑2͔͒ and the gradient of the interstate coupling vectors ͓Eq. ͑3͔͒
where E 1 and E 2 are the energies of the degenerate states and ⌿ 1 and ⌿ 2 the respective wave functions. For an ISC, there will be only one direction, x 1 , which will lift the degeneracy, being also the direction that corresponds to motion from the initial to final state. All the computations of the crossing surfaces have been performed with state-average orbitals. 23 State-averaged orbitals ensure a balanced description of both states at the intersection geometries without imposing symmetry on the wave function, and avoiding symmetry-breaking. 24 The stationary points ͑minima and transition states͒ have been characterized by their CAS-SCF/cc-pVDZ analytic harmonic vibrational frequencies computed by diagonalizing the mass-weighted Cartesian force constant matrix, i.e., the Hessian matrix H. In turn, these frequencies have been used in their zero-point energy ͑ZPE͒ corrections. On the other hand, frequencies for ZPE corrections to ISC's must be calculated in a different manner. Since the gradient at the geometry of the ISC is not zero in the full 3N-6 coordinate space, it is meaningless a conventional frequency calculation by diagonalizing the Hessian matrix. However, for those 3N-7 degrees of freedom which preserve the degeneracy ͑and for which the gradient is zero͒, frequencies and normal modes can be calculated by projecting the seven zero frequency directions ͑the three translations, the three rotations and the gradient difference vector͒ 25, 26 out of H, as given by
where H is the 3Nϫ3N Hessian matrix, H P is the projected force constant matrix and P the projector, a 3Nϫ3N matrix, which is the sum of seven matrices built from the unit vector that points along the mass-weighted gradient difference ͑which is obtained directly in the optimization process͒ and the six 3N-dimensional unit vectors that correspond to infinitesimal rotations and translations ͑which are obtained according to expressions given in Ref. 27͒ . ͓In conventional rotational-vibrational analysis about the minimum ͑or at the saddle point͒ of a potential energy surface, the eigenvectors for infinitesimal rotations and translations emerge automatically when the Hessian matrix is diagonalized, but this is true only because H is evaluated at a stationary point on the potential energy surface. At an ISC point this will not be the case, so for the present analysis it is necessary to project out of H not only the direction along the gradient difference but also the directions corresponding to translations and rotations.͔
III. RESULTS AND DISCUSSION
The principal features of the singlet and triplet surfaces relevant to the thermal decomposition of ethyl azide are discussed in this section. To avoid an excessive amount of Tables in the main body of the text, we give several of them as supplementary material ͑labeled as Tables S1 to S9͒. 39 The optimized geometrical parameters and harmonic frequencies of all the critical points are shown in such Tables; all the values are obtained at the CAS/6-31G* and CAS/ccpVDZ levels, respectively. The energetic data ͑at different levels of theory͒ are shown in Tables I-III , and the corresponding optimized structures plotted in Figs. 1-3 . ZPE corrections are applied to the CAS/MP2 energies of all critical points evaluated with the cc-pVDZ and c-pVTZ basis sets, but not to those evaluated with the 6-31G* basis. In labeling the critical points, minima, transition states and intersystem crossings are denoted by M␣, TS␣, and ISC␣, respectively, where ␣ is a number which indicates the appearing order in the text. 
A. Production of ethylnitrene from ethyl azide
The optimized structure of ethyl azide minimum ͑M1͒ is given in Fig. 1͑a͒ ͑Table S4͒ , where it can be seen that the azidic functional group (ϪN 3 ) is almost linear ͑NNN angle, 172°͒. Likewise, one can see that the CNNN moiety of ethyl azide is planar, and therefore, only two conformational isomers can exist: cis or trans-ethyl azide. Although we have focused our attention only on the trans-isomer, the calculations have been performed in Cartesian coordinates without imposing any constraint on the geometrical variables; therefore, the obtained results are independent of any particular choice of the internal coordinates.
In the region of the potential energy surface corresponding to ethyl azide minimum, we have been able to localize two critical points: ͑1͒ a T 1 /S 0 crossing minimum ͓ISC1, Fig. 1͑b͔͒ and ͑2͒ a S 0 transition state ͓TS1, Fig. 1͑c͔͒ . These two points are very similar both from the energetic and geometric point of view. The energy difference between these two structures is smaller than 1.0 kcal/mol at the CAS/MP2 ϩZPE level ͑Tables II and III͒. Concerning the ground-state ethyl azide minimum, the energy barrier height of the lowest crossing point amounts to 42.4 kcal/mol, while for the transition state it amounts to 41.7 kcal/mol ͑the experimental activation energy 28 Assuming that the distance of the bond being broken ͑N 3 -N 2 ͒ is the reaction coordinate, it must be noted that such a distance increases from 1.79 Å in ISC1 to 1.83 Å in TS1, which means that the reactive molecule sees ISC1 before TS1.
As it was pointed out in the Introduction, the minimum energy crossing point on the intersection of two surfaces plays the role of a transition state for a spin-forbidden reaction. The efficiency of the intersystem crossing depends on the magnitude of the spin-orbit coupling matrix element H IJ SO, on the difference in gradient of the singlet and triplet state x 1 , and on the molecular velocity v. 13, 30, 31 For the critical point ISC1, we found that all these factors are favorable for a high probability of crossing: A very similar gradients for the S 0 and T 1 states, the velocity must be low because the lowest crossing point is close to a transition state, and the spin-orbit coupling is not small; therefore, the intersystem crossing must be an important process in the thermal decomposition of ethyl azide.
B. Reactions of ethylnitrene: Dehydrogenation and isomerization
Dinitrogen extrusion from ethyl azide leads to formation of ethylnitrene, which, in turn, can be generated both on the singlet and triplet state surfaces. Thereafter, the nitrene intermediate can decompose to give either acetonitrile or ethanimine. Optimized geometries corresponding to both spin states of ethylnitrene are shown in Figs. 2͑a͒ and 2͑c͒ , respectively. Triplet nitrene is almost 27 kcal/mol more stable than the singlet state at the CAS/MP2/cc-pVTZ//CAS/ccpVDZϩZPE level.
Production of acetonitrile from ethylnitrene will be either a spin forbidden pathway or a spin allowed one depending upon the spin state of the reactive molecule. In fact, we were able to find both reaction paths:
The S0 ÕT1 spin-forbidden path
The spin-forbidden path goes through the lowest energy point on the intersection ͓ISC2, Fig. 2͑b͔͒ of the triplet and Relative energy with respect to singlet ethylnitrene minimum ͑M3͒.
FIG. 2.
Optimized structures at the CAS͑10,8͒/cc-pVDZ level on the singlet and triplet surfaces of ethylnitrene: ͑a͒ ground-state of ethylnitrene; ͑b͒ ISC2, S 0 /T 1 intersystem crossing for dehydrogenation of ethylnitrene, the arrows on the structure correspond to the direction of the gradient difference vector; ͑c͒ minimum on the singlet surface of ethylnitrene; ͑d͒ TS2, transition state for dehydrogenation of ethylnitrene on the singlet surface of ethylnitrene, the arrows on the structure correspond to the transition vector; ͑e͒ ISC3, S 0 /T 1 intersystem crossing, the gradient difference vector is shown as in ͑b͒; ͑f͒ TS3, transition state for hydrogen migration on the singlet surface of ethylnitrene, the transition vector is shown as in ͑d͒.
singlet surfaces of ethylnitrene. The main geometrical difference of this critical point relative to triplet ethylnitrene is that the H 1 -H 2 bond distance is 0.6 Å shorter in the intersection point. The gradient difference vector indicates a shortening of the H 4 -H 5 and C-N bond distances, respectively. This suggests an incipient formation of an H-H bond. The spinorbit coupling magnitude amounts to 33.0 cm Ϫ1 .
The S0 spin-allowed path
On the singlet state surface, we have localized a transition state ͓TS2, Fig. 2͑d͔͒ which is 4 kcal/mol above the singlet minimum M3, and 3 kcal/mol energetically higher than the intersystem crossing ISC2. The transition vector is plotted on Fig. 2͑d͒ , being quite similar to the gradient difference vector previously shown in Fig. 2͑b͒ .
On the other hand, other two channels are available for the isomerization to ethanimine:
The S0 ÕT1 spin-forbidden path
Triplet ethylnitrene can isomerize to singlet ethanimine through another intersystem crossing process. The lowest energy point in the seam of crossing of the triplet and singlet surfaces ͑ISC3͒ is displayed in Fig. 2͑e͒ , where the energy gradient difference vector is shown as well. This point is only 9 kcal/mol above triplet ethylnitrene. The spin-orbit coupling magnitude amounts to 42.9 cm
Ϫ1
. The energy difference between this crossing point and the former transition state equals 22 kcal/mol.
The S0 spin-allowed path
We were not able at all to find a transition state for nitrene to imine rearrangement on the singlet state surface of ethylnitrene, in spite of a careful search around the region where the transition point should be localized. The best structure which was possible to find for the transition state, is shown in Fig. 2͑f͒ ; the transition vector is plotted in the same Figure, where the 1,2-H migration to give ethanimine is appreciated.
For methyl azide, nitrene to imine isomerization of both singlet and triplet states have been the subject of several ab initio calculations. 12, [32] [33] [34] [35] Pople et al. 32 and early Demuynck et al. 33 found that whereas there is no barrier separating singlet methylnitrene from methyleneimine, the triplet ground state has a significant activation barrier for such a reaction. Therefore, these studies on methyl azide are in accordance with the general opinion that hydrogen migration tends to occur on the singlet surface, [34] [35] [36] while the 1,2-H shift occurring on the triplet state is not expected. Our results on ethyl azide agree with the early conclusions of the former authors that nitrene rearrangement takes place without activation energy on the singlet surface. However, nitrene to imine isomerization via a nonadiabatic spin-forbidden path would be a completely new viewpoint in the isomerization mechanism.
C. Decomposition of ethanimine
Two isomers are possible for ethanimine ͓͑Z͒-and ͑E͒-ethanimine͔, their optimized structures are shown in Figs. 3͑a͒ and 3͑b͒, respectively. Both geometries are almost isoenergetic ͑Tables I-III͒. Singlet ethanimine formed in the previous step decomposes to give either H 2 -acetonitrile ͑re-action step, 3a͒ or methane/hydrogen isocyanide (3b 1 ) ͓or methane/hydrogen cyanide (3b 2 )͔.
Reaction pathway 3a
There is only one route for H 2 formation, 1,2-H 2 elimination from Z-ethanimine, which passes through the transition state TS4, 103 kcal/mol above Z-ethanimine minimum. FIG. 3 . Optimized structures at the CAS͑10,8͒/cc-pVDZ level on the singlet state surface of ethanimine: ͑a͒ ground-state of Z-ethanimine; ͑b͒ groundstate of E-ethanimine; ͑c͒ TS4, transition state for 1,2-H 2 elimination from Z-ethanimine, the arrows on the structure correspond to the direction of the transition vector; ͑d͒ TS5, transition state for 1,2-CH 4 elimination from E-ethanimine, the transition vector is shown as in ͑c͒; ͑e͒ TS6, transition state for 1,1-CH 4 elimination from Z-ethanimine, the transition vector is shown as in ͑c͒. The structure and transition vector of TS4 are displayed in Fig. 3͑c͒ . The imaginary frequency of this transition state amounts to 2147 i cm Ϫ1 . An IRC ͑Fig. 4͒ starting at this critical point leads to H 2 ϩCH 3 CN formation when the forward direction of the transition vector is followed, or to Z-ethanimine if the backward direction is the chosen one.
For methane formation, we found two routes:
2. Reaction pathway 3b 1 1,2-CH 4 elimination from E-ethanimine proceeds through the transition state TS5, which is 106 kcal/mol above E-ethanimine minimum. Both the structure and transition vector of TS5 are plotted in Fig. 3͑d͒ . The imaginary frequency associated with such a transition state amounts to 2201 i cm Ϫ1 . The IRC starting at this transition state is represented schematically in Fig. 5. 3. Reaction pathway 3b 2 1,1-CH 4 elimination from Z-ethanimine takes place through a transition state TS6 (1620 i cm Ϫ1 ), which is 137 kcal/mol above the Z-ethanimine minimum. Both the structure and transition vector of TS6 are plotted in Fig. 3͑e͒ . The corresponding IRC is shown in Fig. 6 . Thus, the energetic data indicate that 1,2-CH 4 elimination is about 30 kcal/mol more favorable than 1,1-CH 4 extrusion.
IV. CONCLUSIONS
Our computational results on ethyl azide are in accordance with previous ab initio calculations on hydrazoic acid 10, 11 and with our own results on methyl azide 12 using the same methodology used here.
The global reaction for the thermal decomposition of ethyl azide is shown in Scheme II. The first step in the thermal decomposition of ethyl azide is a nonconcerted process giving ethylnitrene and molecular nitrogen: ͑1͒ CH 3 CH 2 N 3 →CH 3 CH 2 NϩN 2 . The computed energy barrier for such a process agrees satisfactorily with the experimental value ͑40.1 kcal/mol͒. However, we cannot establish whether the process is either a spin-forbidden or a spin-allowed mechanism. Possibly, it is a competitive mechanism between such two pathways. The experimental and theoretical works on hydrazoic acid indicate that both paths are equally probable. [7] [8] [9] [10] [11] Moreover, the computed spin-orbit coupling magnitude ͑43.3 cm Thus, nitrene should be an observed product in the thermal decomposition of ethyl azide, although, this intermediate is decomposed in drastic reaction conditions, as those in which the experiments of Bock and Dammel 2͑b͒,2͑c͒ are performed. Ethylnitrene formed in step 1 can reacts through two different paths: ͑2a͒ CH 3 CH 2 N→H 2 ϩCH 3 CN, ͑2b͒ CH 3 CH 2 N→CH 3 CHNH, independently of its spin state. The geometry of the nitrene fragment in the lowest energy crossing point ͑ISC1͒ is very close to the structure of ethylnitrene minimum; consequently, the formation of the triplet biradical is expected to occur without internal activation energy. On the other hand, isomerization of singlet ethylnitrene to ethanimine must be one of the most important reaction paths. This mechanism does not require activation energy, therefore, the imine should be one of the main products in the thermal decomposition of ethyl azide. After isomerization, chemically activated imine can decompose to methanehydrogen isocyanide (3b 1 ). However, the same activated imine should form H 2 -acetonitrile ͑3a͒, because the energy barrier for this reaction is practically the same than that for channel 3b 1 . It must be noticed that H 2 becomes visible only after PE spectrum is electronically manipulated or after freezing out the remaining products in a 77 K cold trap. On the other hand, when the reactor is filled with four times the original amount of quartz wool, the only observed products are N 2 , H 2 , and acetonitrile. Therefore, the experimental results indicate that when the reaction conditions are changed, the reaction mechanism changes as well. A possible explanation could be that increasing the amount of quartz wool in the reactor not only increases the contact time, but favors also the collision-induced intersystem crossing. 38 Thus, more triplet ethylnitrene is formed which yields acetonitrile after a subsequent spin-forbidden dehydrogenation.
